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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-1526 

A CONSIDERATION OF LUNAR SURFACE BALLISTICS 
AND THE HAZARDS ASSOCIATED WITH SPACECRAFT 

LANDING OR LAUNCH OPERATIONS 

BY 

D.  C.  Crambli t  

SUMMARY 

With t h e  advent  of  l una r  landings  p l  nned f o  t h e  ne r f u t u r e ,  i t  

h a u s t  i n  a vacuum under low g r a v i t y  c o n d i t i o n s ,  e s p e c i a l l y  i n  r e l a t i o n  
t o  t h e  most probable  luna r  s u r f a c e  c o n d i t i o n s .  Of pr imary concern i s  t h e  
motion of l una r  s u r f a c e  p a r t i c l e s  r e s u l t i n g  from t h e  impingement of  ex- 
h a u s t  gases  from a luna r  landing  o r  t akeof f  space v e h i c l e  and t h e  r e s u l t -  
i n g  haza rds  t o  t h e  v e h i c l e  i t s e l f  and t o  both  l o c a l  and d i s t a n t  manned 
luna r  bases  o r  f a c i l i t i e s .  The combined parameters  of low g r a v i t y ,  h igh  
vacuum, and h i g h  energy  exhaus t  gases  r e s u l t  i n  t h e  d isp lacement  of  l a r g e  
masses over  c o n s i d e r a b l e  d i s t a n c e s ,  so t h a t  t h e  problem i s  n o t  merely a 
l o c a l i z e d  one. 

l i s  e s s e n t i a l  t h a t  cons ide rab le  though be g iven  t o  t h e  behavior  ‘of j e t  ex- 

I 

This p r e l i m i n a r y  s t u d y  w a s  d i r e c t e d  s p e c i f i c a l l y  toward de te rmina t ion  
o f  t h e  t r a j e c t o r i e s  o r  f l i g h t  p a t h s  o f  l una r  s u r f a c e  p a r t i c l e s  accelerated 
by t h e  j e t  b l a s t  from a luna r  landing  o r  r e t u r n  v e h i c l e .  
t i c l e  v e l o c i t i e s  w a s  assumed based on a n  a n t i c i p a t e d  e f f e c t i v e  exhaus t  gas  
v e l o c i t y  of  13,250 f t / s e c  f o r  a LOX-LH2 engine .  Thus,  v e l o c i t i e s  bo th  
above and below those  r e q u i r e d  f o r  escape  o r  o r b i t  from t h e  luna r  s u r f a c e  
were cons ide red .  Data are presented  i n  graph and c h a r t  form, a long  wi th  
a b r i e f  d i s c u s s i o n .  Sample c a l c u l a t i o n s  and b a s i c  d a t a  f o r  t h e  b a l l i s t i c s  
s tudy  are p resen ted  i n  Appendix I .  Appendix I1 d e s c r i b e s  i n  d e t a i l  t h e  
fol low-on work t o  be accomplished and t h e  problems t o  be encountered  i n  
a n  a n a l y s i s  aimed a t  p r e d i c t i n g  t h e  mass and d i s t r i b u t i o n  of  p a r t i c l e s  
most l i k e l y  t o  be a s s o c i a t e d  w i t h  t h e  v e l o c i t y  range  assumed i n  Appendix 
I. Determina t ion  of  t h e  momentum energy r e l a t i o n s h i p s  between 
exhaus t  g a s e s  and luna r  s u r f a c e  p a r t i c l e s  of assumed s i z e s  and d e n s i t y  
w i l l  g i v e  us  a b e t t e r  f e e l  f o r  t h e  degree  of  hazard  involved .  

A range  of par -  

A s  d i s c u s s e d  later i n  S e c t i o n  I1 and Appendix 11, l a r g e  d u s t  c louds ,  
and t h e  b a l l i s t i c s  of r e l a t i v e l y  l a r g e  luna r  s u r f a c e  p a r t i c l e s  r e s u l t i n g  
from a luna r  l and ing  o r  r e t u r n  launching may p r e s e n t  s e r i o u s  problems i n  
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r e l a t i o n  t o  t h e  l and ing  o p e r a t i o n  i t s e l f  and most d e f i n i t e l y  can  produce 
hazardous c o n d i t i o n s  f o r  bo th  d i s t a n t  and sur rounding  luna r  base  f a c i l i t i e s ,  
equipment , and pe r sonne l .  

Of c o u r s e ,  more s t u d i e s  w i l l  be  r e q u i r e d  i n  t h e s e  areas when more 
d e f i n i t i v e  d a t a  on t h e  e x a c t  composi t ion and  s t r u c t u r e  of  t h e  l u n a r  s u r f a c e  
i s  ob ta ined .  Such s t u d i e s  w i l l  be needed t o  provide  d a t a  upon which t o  
base  luna r  f a c i l i t y  d e s i g n  concepts  afid o p e r a t i o n a l  c r i t e r i a .  

SECTION I. DISCUSSION OF RESULTS 

I t  w a s  cons ide red  r easonab le  t o  assume t h a t  l una r  s u r f a c e  p a r t i c l e s  
would a t t a i n  v e l o c i t i e s  r ang ing  from 0 t o  8000 f t / s e c  when s u b j e c t e d  t o  
t h e  exhaus t  of  a LOX-Hz engine  w i t h  a n  e f f e c t i v e  e x i t  v e l o c i t y  of  13,250 
f t / s e c ,  c o n s i d e r i n g  t h a t  some v e l o c i t y  energy  w i l l  be l o s t  i n  t r a n s m i s s i o n  
through s t andof f  shock waves and through d e f l e c t i o n  from t h e  luna r  s u r f a c e .  
S ince  t h e  e scape  v e l o c i t y  from t h e  luna r  s u r f a c e  i s  7800 f t / s e c  and  t h e  
c i r c u l a r  o r b i t a l  v e l o c i t y  i s  5540 f t / s e c ,  one can r e a d i l y  e n v i s i o n  t h a t  
escape, o r b i t i n g  of p a r t i c l e s ,  o r  ex t remely  e c c e n t r i c  p a r t i a l  o r b i t s  may 
occur  as  a r e s u l t  o f  exhaus t  j e t  impingement. Appendix I c o n t a i n s  sample 
c a l c u l a t i o n s  and  a summary of d a t a  (Tables  I ,  11, and 111) f o r  a number 
of  assumed i n i t i a l  p a r t i c l e  v e l o c i t i e s  and i n i t i a l  a n g l e s  w i t h  r e s p e c t  t o  
t h e  l o c a l  v e r t i c a l .  The v a r y i n g  a n g l e s  were cons ide red  because of assumed 
e r o s i o n  of t h e  l u n a r  s u r f a c e  w i t h  t i m e  du r ing  j e t  impingement. Test  d a t a  
i n  Reference  1 i n c l u d e s  t h a t  t h i s  p a t t e r n  w i l l  be  i n  t h e  form of  a con ic  
s e c t i o n ,  w i t h  a f i n a l  semi-ver tex  a n g l e  of  approximate ly  50 degrees .  

F igu re  1 shows t h e  hype rbo l i c  f l i g h t  p a t h  f o r  a p a r t i c l e  a c c e l e r a t e d  
t o  a v e l o c i t y  g r e a t e r  t han  e scape .  For assumed v e l o c i t i e s  of  7410 f t / s e c  
and 6350 f t / s e c ,  which are less than  escape  v e l o c i t y ,  F i g u r e s  1 and 2 
app ly .  The v e l o c i t i e s  exceed c i r c u l a r  o r b i t a l  v e l o c i t y  a t  t h e  luna r  su r -  
f a c e  so t h a t  a n  e c c e n t r i c  o r b i t  i s  p o s s i b l e .  However, h e r e  we n o t e  t h e  
s t r i n g e n t  r equ i r emen t s  f o r  a n  o r b i t  i n i t i a t e d  from t h e  luna r  s u r f a c e .  
Assuming t h e  p a r t i c l e  h a s  a n  i n i t i a l  v e l o c i t y  exceeding t h e  c i r c u l a r  
o r b i t a l  v e l o c i t y ,  t hen  t h e  i n i t i a l  launch p o i n t  would be t h e  low p o i n t  
o r  p e r i g e e  of  a h y p o t h e t i c a l  o r b i t .  Also s i n c e  i t  i s  launched from t h e  
s u r f a c e  i n s t e a d  o f  a t  some a l t i t u d e ,  t h e  t a k e o f f  a n g l e  wi th  r e s p e c t  t o  t h e  
l o c a l  v e r t i c a l  would n e c e s s a r i l y  be e x a c t l y  90 degrees  i n  o r d e r  t h a t  a n  
o r b i t  be p o s s i b l e .  The p o s s i b i l i t y  of  a n  o r b i t  i s  f u r t h e r  r e s t r i c t e d  i n  
t h a t  t h e  i n i t i a l  p a r t i c l e  impulse would n e c e s s a r i l y  have t o  t a k e  p l a c e  
from a v e r y  h igh  p o i n t  so t h a t  t h e  p a r t i c l e  would n o t  impact on a nearby  
h i l l s i d e  o r  o t h e r  o b s t r u c t i o n  p r i o r  t o  t r a v e l i n g  over  t h e  ho r i zon  and 
a t t a i n i n g  o r  o r b i t .  Thus, w i t h  a f i r i n g  a n g l e  o f  90 degrees  and a ve- 
l o c i t y  g r e a t e r  t han  c i r c u l a r  v e l o c i t y ,  one complete  o r b i t  i s  p o s s i b l e  
b u t  h i g h l y  improbable .  A t  any  a n g l e  o t h e r  t han  90 degrees ,  e c c e n t r i c  
p a r t i a l  o r b i t s  r e s u l t i n g  i n  long s u r f a c e  r anges  would be exper ienced .  
F i g u r e s  1 and 2 d e s c r i b e  t h e  f l i g h t  p a t h s  f o r  i n i t i a l  v e l o c i t i e s  of  7410 
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and 6350 f t / s e c  and  number of  assumed a n g l e s  w i t h  r e s p e c t  t o  t h e  l o c a l  
v e r t i c a l .  F igu re  3 d e p i c t s  t h e  a c t u a l  l u n a r  s u r f a c e  range  covered by 
t h e s e  same p a r t i c l e s .  Of cour se ,  f o r  t h e  d e p a r t u r e  a n g l e  of  z e r o  deg rees  
from t h e  h o r i z o n t a l ,  t h e  t h e o r e t i c a l  d i s t a n c e  g iven  i s  e q u i v a l e n t  t o  one 
o r b i t  o r ,  more p r e c i s e l y ,  t h e  c i rcumference  of  t h e  moon. 

For  assumed v e l o c i t i e s  less than  c i r c u l a r  o r b i t a l  v e l o c i t y ,  f i g u r e  
4 a p p l i e s .  I n  t h i s  case, con ic  s e c t i o n  c e n t r a l  f o r c e  f i e l d  b a l l i s t i c  
e q u a t i o n s  t a k i n g  i n t o  account  t h e  moon s c u r v a t u r e  were u t i l i z e d  i n  de- 
t e rmin ing  t h e  r e s u l t i n g  p a r t i c l e  r anges  (Appendix I ) .  F igure  5 d e s c r i b e s  
p a r t i c l e  range  based  on v e l o c i t i e s  from 88 t o  550 f t / s e c  and as  d e f i n e d  
by s t a n d a r d  b a l l i s t i c  e q u a t i o n s  n e g l e c t i n g  c u r v a t u r e .  

P re l imina ry  conc lus ions  a r r i v e d  from fo l lowing  t h i s  a n a l y s i s  w i l l  be  
d i s c u s s e d  i n  t h e  fo l lowing  s e c t i o n .  

SECTION 11. RECOMMENDATIONS AND CONCLUSIONS 

A rev iew of t h e  d a t a  i n d i c a t i n g  t h e  r anges  a t t a i n e d  by o b j e c t s  as  
a f u n c t i o n  of  i n i t i a l  v e l o c i t y  l e a d s  one t o  conclude t h a t  depending upon 
s u r f a c e  composi t ion ,  a luna r  landing  o r  r e t u r n  o p e r a t i o n  may r e s u l t  i n  
t h e  bombardment of  bo th  l o c a l  and d i s t a n t  l una r  b a s e s  w i t h  r e l a t i v e l y  
l a r g e  s i z e  p a r t i c l e s .  T h i s  i s  e s p e c i a l l y  e v i d e n t  under t h e  e x i s t i n g  
luna r  c o n d i t i o n s  of  vacuum, low g r a v i t y ,  and h igh  energy  exhaus t  g a s e s .  

Such bombardment could prove hazardous t o  f a c i l i t i e s ,  a s s o c i a t e d  
equipment ,  and pe r sonne l ,  e s p e c i a l l y  where l i g h t w e i g h t  i n f l a t a b l e  t h i n  
f i l m  s t r u c u t e s  o r  s h e l t e r s  a re  proposed.  These problems must be con- 
s i d e r e d  i n  t h e  s i t i n g  and d e s i g n  o f  f u t u r e  luna r  f a c i l i t i e s  so t h a t  ade-  
q u a t e  p r o t e c t i o n  w i l l  be  provided.  

Je t  impingement may a l s o  r e s u l t  i n  t h e  format ion  of  l a r g e  d u s t  c l o u d s  
cove r ing  a c o n s i d e r a b l e  area o f  t h e  luna r  s u r f a c e ,  t h u s  proving  hazardous  
t o  t h e  l and ing  o p e r a t i o n .  Coverage of  l a r g e  s u r f a c e  areas i s  expec ted  
becuase of  j e t  expans ion  e f f e c t s  r e s u l t i n g  from t h e  g r o s s  under-expansion 
o f  j e t  n o z z l e s  i n  a vacuum. 
d a t a  i n  a vacuum (Appendix 11), c r a t e r i n g  w i l l  occur  upon j e t  impingement 
on a " s o f t "  l u n a r  s u r f a c e .  I f  the  scale model tests conducted by Lewis 
are a n y  i n d i c a t i o n ,  t h e  " c r a t e r i n g "  from a f u l l  scale LOX-LH2 nozz le  w i l l  
be  q u i t e  s i z e a b l e  and w i l l  p r e s e n t  a formidable  d e s i g n  problem i n  develop-  
i n g  a s a f e  l u n a r  l and ing  system. Of c o u r s e ,  a l l  of  t h i s  i s  based on 
assumed luna r  s u r f a c e  c o n d i t i o n s  which may o r  may n o t  e x i s t .  I n i t i a l  
unmanned l and ings  w i l l  p robably  c l a r i f y  t h i s  a s p e c t  o f  t h e  problem. 

A s  shown from d a t a  of  a p r e l i m i n a r y  t es t  

Because of  t h e  c r i t i c a l  n a t u r e  of  t h e s e  problems,  i t  i s  concluded 
t h a t  a d d i t i o n a l  s t u d y  work should  be d i r e c t e d  toward d e t e r m i n a t i o n  of  
t h e  p a r t i c l e  masses t h a t  w i l l  most probably  be a c c e l e r a t e d  t o  t h e  range  
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of  v e l o c i t i e s  j u s t  s t u d i e d .  T h i s ,  o f  c o u r s e ,  would n e c e s s a r i l y  be based 
on a range o f  assumed p a r t i c l e  d e n s i t i e s .  The g e n e r a l  approach t o  t h e  
f u t u r e  s t u d y  work t o  be performed i s  d i s c u s s e d  i n  Appendix 11. I t  w i l l  
f i r s t  be n e c e s s a r y  t o  determine t h e  o v e r p r e s s u r e s  a t  t h e  d e f l e c t i n g  
s u r f a c e  as a f u n c t i o n  o f  nozz le  h e i g h t  above t h e  s u r f a c e ,  p r o p e l l a n t  
t y p e ,  and nozz le  c h a r a c t e r i s t i c s ,  such as o p e r a t i n g  chamber p r e s s u r e ,  
and a v a i l a b l e  g a s  stream momentum energy must be r e l a t e d  i n  pa rame t r i c  
e q u a t i o n s  p r e d i c t i n g  probable  p a r t i c l e  motion. For bo th  phases  o f  t h e  
problem, and e s p e c i a l l y  Par t  2 (as d i s c u s s e d  more f u l l y  i n  Appendix 11) 
a c o n s i d e r a b l e  amount o f  a d d i t i o n a l  t e s t  work i s  r e q u i r e d .  T h i s  i s  
necessa ry  because t h e  v a r i a b l e  p a r t i c l e  v e l o c i t y  f a c t o r  cannot be sepa- 
r a t e d  i n  a n  e q u a t i o n  from t h e  o t h e r  time-dependent v a r i a b l e s  wi thou t  
making a number o f  assumptions based on t h e  e x i s t i n g  supply o f  i nade -  
qua te  t es t  d a t a .  
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APPENDIX I - SAMPLE CALCULATIONS 

BASIC LUNAR DATA 

R = Radius of  Moon = 1082 m i l e s  

W = Angular r o t a t i o n  = 1 rev l27 .33  e a r t h  days 

Surface  V e l o c i t y  a t  Equator  = 10.4 m i l e s l h r  

= 5.37 f t / s e c 2  gmoon = 1'6 g e a r t h  

1 - 
Mas 'ear th  

M = Mass - 
m moon 81.375 

= 6.595 x 1021 t o n s  Mas  ' e a r th  

G = Unive r sa l  g r a v i t a t i o n a l  f o r c e  c o n s t a n t  = 
3.44 x 10-8 f t 4  

lb-sec4  

PROPULSION DATA 

Assume t h a t  t h e  o r b i t a l  launch o r  landing  v e h i c l e  i s  p r o p e l l e d  by two 
LOX-LH2 e n g i n e s ,  r a t e d  a t  15,000 l b  t h r u s t  each .  

Assume 1 of t h e s e  eng ines  i n  vacuum = 412 sec 
SP 

15'000 = 36.5 lblsec 
Thrus t  P r o p e l l a n t  f lowlengine  = -- - - 412 

I S P  

For  both engines ,  t o t a l  gas  flow = 7 3  lb f o r c e l s e c  

E f f e c t i v e  Exhaust V e l o c i t y  = I s p  ( g e a r t h  1 

= 412 sec (32. 2 f t I s e c 2 )  = 13,250 f t / s e c  

Based on t h i s  exhaus t  v e l o c i t y ,  p o t e n t i a l  escape,  o r b i t ,  and ba l -  
l i s t i c  f l i g h t  p a t h s  o f  l u n a r  s u r f a c e  p a r t i c l e s  must be considered.  
sample c a l c u l a t i o n  f o r  v a r i o u s  assumed v e l o c i t i e s  w i l l  now be presented .  

A 

> escape  v e l o c i t y  ' i n i t i a l  Case 1 - 
from moon = - p L  

"escape r 

G = u n i v e r s a l  g r a v i t a t i o n a l  c o n s t a n t  



M = Mass of moon 

r = d i s t a n c e  from c e n t e r  of moon t o  p o i n t  of i n j e c t i o n  = Rmoon 
I 

= 7800 f t / s e c  a t  t h e  luna r  s u r f a c e  
'escape 

S ince  the  assumed p a r t i c l e  v e l o c i t y  exceeds t h e  escape v e l o c i t y  a t  
t h e  luna r  s u r f a c e ,  i t  w i l l  e scape  from t h e  moon and f a l l  toward t h e  e a r t h  
f o r  any a n g l e  of  Bo s u f f i c i e n t  t o  c l e a r  l o c a l  o b s t a c l e s  (F ig .  1). 

Case 2 - Assume v e l o c i t y  = 6350 f t / s e c  

I The i n i t i a l  v e l o c i t y  of  t h i s  p a r t i c l e ,  6350 f t / s e c ,  i s  less than  
I escape v e l o c i t y  bu t  more than  t h e  v e l o c i t y  r e q u i r e d  f o r  a c i r c u l a r  o r b i t  

a t  t h e  luna r  s u r f a c e .  

= j y  g R2moon - = 5540 f t l s e c  
' c i r cu la r  o r b i t  

o r b i t  

S ince  t h e  i n i t i a l  p a r t i c l e  v e l o c i t y  does exceed the  o r b i t a l  v e l o c i t y ,  
a n  o r b i t  i s  p o t e n t i a l  w i th  t h e  low p o i n t  o r  pe r igee  be ing  the  p o i n t  of  
t a k e o f f .  A p o t e n t i a l  o r b i t  can a l s o  be v e r i f i e d  by r e f e r e n c e  t o  t h e  equa- 
t i o n  d e f i n i n g  A on F igu re  6 .  

2 
v 2  
0 

~ 2 r  

GM 
where GM = g ro - -  0 0  - 

ro 
A =  

A i s  a parameter  e q u i v a l e n t  t o  twice t h e  r a t i o  of  k i n e t i c  t o  p o t e n t i a l  
energy of t h e  par t ic le  a t  t akeof f  and i s  a l s o  e q u a l  t o  

The re fo re ,  i f  A i s  = > 1, t h e  l o c a l  
v e l o c i t y  i s  h igher  than c i r c u l a r  

p o t e n t i a  1. 
c i r c u l a r  o r b i t  o r b i t a l  v e l o c i t y ,  and an o r b i t  i s  

For t h e  case  of  V = 6350 f t / s e c ,  

6 .35)2 x lo6 f t 2  s e c  2 

f t  mi le  h =  ( 
sec2  5.37 f t  (1.082 x lo3) (5 .28 x lo3) mile 

= 1.315 
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:., sa t e l l i t e  o r b i t  i s  p o s s i b l e ,  depending on a n g l e  of  i n j e c t i o n .  

I f  a n g l e  Bo i s  90 degrees ,  t h e  e c c e n t r i c i t y  of a p o t e n t i a l  o r b i t  i s  
de f ined  by 

e = 4 1 - 1.315 (2 - 1.315)  (1) = 0.316 

F l i g h t  p a t h s  are de f ined  by t h e  fo l lowing  (F ig .  7) :  

e < 1 - e l l i p t i c a l  

e = o - c i r c u l a r  

e = 1 - p a r a b o l i c  

e > 1 - hyperbo l i c  

.*. e l l i p t i c a l  e q u a t i o n s  app ly .  

l + e  - -  The apogee of  t h e  p o t e n t i a l  o r b i t  i s  d e f i n e d  by rmX . - 2 - ( ro )  

where ro i n  t h i s  ca se  = r a d i u s  of  i n j e c t i o n  from luna? c e n t r o i d  = Rmoon 
apogee o r  r - -  - (1082) = 2080 m i l e s ,  o r  1000 m i l e s  above t h e  

max. 0.685 
luna r  s u r  f a c e .  

l - e  
Radius of  perigee = - 2 - (ro) = 1 = R moon 

There fo re ,  i f  Bo i s  90 degrees  and t h e  p a r t i c l e  i s  i n i t i a l l y  launched 
from a h igh  p o i n t  on t h e  luna r  s u r f a c e ,  i t  could  conce ivably  make one 
complete  o r b i t  b e f o r e  impact .  As could  be expec ted ,  however, t h e  p o s s i -  
b i l i t y  of a n  o r b i t  i s  p r a c t i c a l l y  n i l  because of  t h e  s t r i n g e n t  r equ i r emen t s .  

It  can be shown t h a t  f o r  a n g l e s  of  Bo less than  90 degrees  c a l c u -  
l a t e d  p e r i g e e  p o i n t  i s  less than  t h e  r a d i u s  of t h e  moon so t h a t  no o r b i t  
i s  p o s s i b l e .  To de te rmine  t h e  a c t u a l  range  covered on t h e  luna r  s u r f a c e  
(F ig .  7 ) .  

r ,  which i s  shown as t h e  d i s t a n c e  t o  a p o i n t  on t h e  e l l i p t i c a l  pa th  
i s  d e f i n e d  by t h e  equa t ion  

r =  P 
1 + e cos  a 
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I 
b2 v02 s i n 2  B 0 p i s  t h e  s e m i l a t u s  rectum of t h e  e l l i p s e  = - = -- = a(1-e2) 

g0 a 

a i s  t h e  a n g l e  measured from t h e  p e r i g e e  t o  a p o i n t  on t h e  e l l i p t i c a l  
p a t h  (Fig. 7 ) .  

The v a l u e  of  r as a f u n c t i o n  of e ,p ,  and cos a then  d e f i n e s  t h e  
e l l i p t i c a l  path.  I n  cons ide r ing  p o t e n t i a l  o r b i t s ,  by l e t t i n g  r = R o f  
t h e  moon, ang le  a i n d i c a t e s  t h e  a n g l e  from t h e  p e r i g e e  t o  a p o i n t  on t h e  
e l l i p t i c a l  p a t h  a d i s t a n c e  equa l  t o  t h e  moon's r a d i u s  from t h e  foc i .  To 
have an o r b i t ,  a n g l e  a must be 0 degrees.  Any a n g l e  of a g r e a t e r  than 
0 degrees  i n d i c a t e s  t h a t  t h e  p e r i g e e  r a d i u s  of t h e  t h e o r e t i c a l  e l l i p t i c a l  
o r b i t  i s  less than  t h e  r a d i u s  of  t h e  moon, which, o f  course ,  makes a 
c l o s e d  o r b i t  impossible .  For example, cons ide r  t h e  c a s e  f o r  V = 7410 

l f t / s e c .  By f i r i n g  h o r i z o n t a l l y ,  (B = 90 degrees) ,  P = 1940 miles ,  and 
e = 0.79,  . 

0 

P 
r =  

1 + e cos  a 

where 1 .*. a = 0" (or  3 6 0 O )  
r = R  moon, cos  a = ; [f - 1] = 

T h i s  i n d i c a t e s  t h a t  t h e  p o i n t  of  p a r t i c l e  take-of f  from t h e  luna r  
s u r f a c e  i s  t h e  p e r i g e e  of  t h e  o r b i t ,  and an  o r b i t  cou ld  occur  i f  t h e  
p a r t i c l e  d i d  n o t  h i t  any l o c a l  o b s t r u c t i o n s  p r i o r  t o  t r a v e l i n g  over  t h e  

I l o c a l  hor izon  (Fig. 1). 

It can be shown t h a t  f o r  any a n g l e  of  B less than 99 degrees ,  a 
0 

complete  o r b i t  i s  no t  possib1.e. Consider  V = 7410 f t / s e c  wi th  B = 30 
degrees .  0 

2 2  
6 - - b2 0 sin Bo - (7 .41)  x lo6  (0.  25) = 2. 56 f t  - 

p = a -  g 5.37 

e = e c c e n t r i c i t y  = -,/I - A ( 2  - A) s i n 2  30" = 0.952 

6 l e t  r = R = 5.7 x 10 f t  moon 

r =  P 
1 + e cos  a 
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a = 125.45'' 

Thus, no o r b i t  is poss ib l e .  S ince  t h e  p o i n t  o f  d e p a r t u r e  from t h e  
luna r  s u r f a c e  remains c o n s t a n t ,  t h i s  i n d i c a t e s  t h a t  t h e  h y p o t h e t i c a l  
p e r i g e e  of  t h e  e l l i p s e  and t h e  major axis o f  t h e  e l l i p s e  has s h i f t e d  an 
a n g l e  a o f  125.45 degrees  wi th  r e s p e c t  t o  t h e  e l l i p s e  where B = 90 
degrees .  (Fig. 1, axis  s h i f t  from x-x t o  2-2). S i n c e  t h e  e l l i p s e  is 
symmetr ical ,  t h e  impact p o i n t  on t h e  o p p o s i t e  s i d e  of  t he  axis w i l l  a l s o  
be de f ined  by a n g l e  a, and t h e  angular  range covered on t h e  l u n a r  s u r f a c e  
by t h e  p a r t i a l  o r b i t  w i l l  be  de f ined  by 360 degrees  - 2 a. 

For t h i s  case, t h e  s u r f a c e  range(s )  is de f ined  as follows: 

31 
1 3 6 0  - 2 a) 

(d e) = Rmoon 180 moon (s) = R 

360-2 (125.45) 
7[ = 206'0 miles* 1 ( s )  = 1082 m i l e s  - [ 180 

A f t e r  determing t h e  a x i s  s h i f t  f o r  each a n g l e  of d e p a r t u r e  (B), t h e  
r e l a t i o n s h i p s  e s t a b l i s h e d  above were u L i l i z e d  i n  p l o t t i n g  t h e  f l i g h t  
p a t h s  shown i n  Fig.  1 and 2 f o r  v e l o c i t i e s  of  7410 and 6350 f t / s e c  
(See Fig. 3 a l s o ) .  

Case 3 - Assume V = 4040 f t / s e c  (Fig. 4 )  

An i n i t i a l  v e l o c i t y  o f  4040 f t / s e c  i s  less than  escape o r  o r b i t a l  
v e l o c i t y .  Also, h i s  c o n s i d e r a b l y  less than  1. Therefore ,  b a l l i s l i c  
range equa t ions  are  app l i cab le .  A s  g iven  by F r i e d  & Richardson (Ref. l), 
t h e  r ange  a n g l e  8 ( t h e  c i r c u l a r  a n g l e  t r a n s v e r s e d  by the o b j e c t  f r o m  
launch t o  impact) i s  g iven  by t h e  fo l lowing  equation: 

2 1-h s i n  B 

s i n  B cos  B 

2 

Tan-' [ (1  - CJ A s i n  -1 8 = 180 - s i n  

h* where CT = 1 +-  R 

*h is  d e f i n e d  as t h e  a l t i t u d e  a t  burnout. I n  ou r  case ,  which is i d e n t i c a l  
t o  impuls ive  burn ing  o r  i n s t an taneous  a p p l i c a t i o n  o f  a l l  t h r u s t  a t  t h e  
l u n a r  s u r f a c e ,  h = 0. .*. CJ = 1 
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The range from take-of f  t o  impact may a l s o  be d e f i n e d  as fo l lows:  

1 t a n - 1  ["" 2 

2 s i n  B cos  B~ 

moon 'moon 0 

0 
Range = 2 R 

- v 2 s i n  B~ R moon 

For Bo = 75" 

1 4 . 0 4 ) 2  x lo6 ( 0 . 9 6 5 9 )  ( 0 . 2 5 8 8  
Range = 5 . 7  x lo6 f t  ( 2 )  tan- '  [ 3A.6 x lo6 - ( 4 . 0 4 ) 2  x lo6 ( 0 . 9 t 4  

tan- '  = 0 . 2 6 6  = 14.9" 
- f t  

11.4 x m i l e  1 4 . 9  71 ~ 560  miles 
5280  f t  180 .'. Range = 

A s i m i l a r  approach w a s  t aken  f o r  o t h e r  a n g l e s  of  B and f o r  reduced 
I v e l o c i t i e s .  When t h e  range became v e r y  s h o r t  (V < 1000 f t / s e c )  t h e  use  

of  b a s i c  b a l l i s t i c  e q u a t i o n s  n e g l e c t i n g  c u r v a t u r e  w a s  found a c c e p t a b l e  
(F ig .  5 ) .  

I PERIOD OF REVOLUTION-ELLIPTICAL ORBITS 

The p e r i o d  of  r e v o l u t i o n  (F igs .  1 and 2 )  of  t h e  h y p o t h e t i c a l  p a r t i c l e  
o r b i t s  where t h e  i n i t i a l  v e l o c i t y  exceeded o r b i t a l  v e l o c i t y  i s  d e f i n e d  by 
t h e  fo l lowing  e q u a t i o n :  

where a = (F ig .  7 )  

and p = g r a v i t a t i o n a l  f a c t o r  = gR 2 

2 g = g r a v i t a t i o n a l  p u l l  - f t l s e c  

R = r a d i u s  from c e n t e r  of  l u n a r  mass t o  o r b i t  

Data f o r  a l l  of  t h e  above r e f e r e n c e d  f i g u r e s  i s  summarized i n  
Tables  I ,  11, and 111. 
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TABLE 111. 

B ( D e g r e e s )  

90 

75 
( A x i s  s h i f t  
32.85)  

60 

F L I G H T  PATH DATA (Vo > CIRCULAR ORBITAL VELOCITY: 

Vn = 7410 f t / s ec  

a ( D e g r e e s )  

20 

45 

- 90 

135 

180 

225 

270 

3 15 

36 0 

20 

45 

90 

135 

180 

225 

270 

3 15 

360 

20 

45 

e 

0.790 

0.805 

0.847 

p ( M i l e s )  

1940 

1940 

1940 

1940 

1940 

1940 

1940 

1940 

1940 

18 10 

18 10 

18 10 

18 10 

18 10 

18 10 

18 10 

18 10 

18 10 

1455 

1455 

r ( M i l e s )  

1110 

1245 

1940 

4400 

9 240 

4400 

1940 

1245 

1082 

10 30 

1150 

18 10 

4120 

9290 

42 10 

18 10 

15 10 

1000 

8 10 

9 10 

e cos ( 

0 . 7 4 1  

0.559 

0 

-0.559 

-0.79 

-0.559 

0 

+O. 559 

+O. 79 

0.756 

0 .570 

0 

-0 .5  70 

-0.805 

-0.570 

0 

to. 570 

to. 805 

0.796 

0 .60  

cos a 

0 . 9 4  

0.707 

0 

.O. 707 

.1.0 

.O. 707 

0 

-0.707 

- 1  
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TABLE 111. FLIGHT PATH DATA (Vo > CIRCULAR ORBITAL VELOCITY) ( C o n t ' d )  
Vo = 7410 f t / s ec  

B ( D e g r e e  s )  

( A x i s  S h i f t  
5 6 )  

15 

[ A x i s  S h i f t  
9 6 . 5 5 )  

10 
A x i s  S h i f t  
125.45)  

- a ( D e g r e e s  

90 

135 

180 

225 

2 70 

315 

36 0 

20 

45 

90 

135 

225 

270 

3 15 

360 

20 

45 

90 

135 

180 

225 

e - 

0.900 

0.952 

p(Mi1es: 
~~ 

145 5 

145 5 

145 5 

1455 

1455 

1455 

145 5 

9 70 

970 

970 

9 70 

970 

970 

9 70 

970 

485 

485 

485 

485 

485 

485 

- r (Miles 

1455 

3640 

9500 

3640 

1455 

9 10 

788 

5 26 

5 94  

9 70 

2660 

2660 

9 70 

594 

5 10 

256 

290 

485 

1485 

.o ,000 

1485 

e cos 

0 

-0.6 

-0 .847 

-0 .6  

0 

+0.6 

+O. 847 

0.845 

0.636 

0 

-0.636 

-0.636 

0 

t0 .636 

0 . 9  

0.895 

0.673 

0 

-0.673 

-0.952 

-0.673 

cos a 
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I r 

B ( D e g r e e s )  %(Degrees) e p(Mi1es) r (Mi1es)  e cos a - 
r- 

270 485 485 0 

3 15 485 2 90 +0.673 

485 248 to. 952 360 

TABLE III- FLIGHT PATH DATA (vo > CIRCULAR ~ R ~ I T A L  ';;ELBCITY) ( c o n t ' ~ )  
v = 7410 f t /sec 
0 



16 

TABLE I11 - F L I G H T  PATH DATA (Vo > CIRCULAR ORBITAL VELOCITY) (Cont ' d) 

Vo = 6350 Ft/sec 

3 (Degrees: 
~ ~~ 

30 

'5 
: A x i s  S h i f t  
55) 

io 

:Axis S h i f t  
91.2) 

- a, (Degrees) 
~ 

20 

45 

90 

135 

180 

225 

270 

3 15 

360 

20 

45 

90 

135 

180 

225 

2 70 

3 15 

360 

20 

45 

90 

135 

e - 
~~ 

0.316 

0.316 

0.400 

5.700 

pJMi l e  s) 

1420 

1420 

1420 

1420 

1420 

1420 

1420 

1420 

1420 

1330 

1330 

1330 

1330 

1330 

1330 

1330 

1330 

1330 

1065 

1065 

1065 

1065 

(Mi l e  s) 

1095 

1160 

1420 

1830 

2080 

18 30 

1420 

1160 

1080 

966 

1035 

1330 

1855 

2220 

1855 

1330 

1035 

950 

695 

759 

1065 

1780 

e cos a, 
~ ~~ 

0.297 

0.224 

0 

-0.224 

-0.316 

-0.224 

0 

+O. 224 

+O. 316 

0.376 

0.283 

0 

-0.283 

-0.4 

-0.283 

0 

t o .  283 

t0 .4  

0.535 

0.403 

0 

-0.403 



TABLE III- FLIGHT PATH DATA (Vo > CIRCULAR ORBITAL VELOCITY) ( C o n t ' d )  
Vn = 6350 f t / sec  ( C o n t ' d )  

3 (Degrees) 

i.5 

( A x i s  S h i f t  
117.25)  

30 
( A x i s  Shift 
139.55)  

- a (Degrees) 

180 

225 

2 70 

315 

360 

20 

45 

90 

135 

180 

225 

270 

3 15 

360 

20 

45 

90  

135 

180 

225 

270 

3 15 

360 

e - 

0 .742  

0.742 

0.880 

p(Mi1es) 

106 5 

1065 

1065 

1065 

1065 

7 13  

7 13  

7 13  

7 1 3  

7 13  

7 1 3  

713 

7 13  

7 13  

35 6 

356 

35 6 

356 

35 6 

35 6 

356 

35 6 

35 6 

- r (Miles) 

2480 

1780 

1065 

759 

679 

420 

46 7 

7 1 3  

1500 

2760 

1500 

7 1 3  

467 

409 

195 

2 20 

35 6 

94 1 

2960 

94  1 

35 6 

220 

189 

e cos a 

-0.57 

-0.403 

0 

+O .403 

-1-0.57 

0.697 

0.525 

0 

-0.525 

-0.742 

-0.525 

0 

+O. 525 

+O. 742 

0.826 

0.622 

0 

-0.622 

-0.88 

-0 .622 

0 

+O. 622 

+O. 88 
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APPENDIX I1 

PROBLEM AREAS FOR FUTURE STUDY 

T h i s  p re l imina ry  s tudy  has  i n d i c a t e d  t h e  v e l o c i t y  ranges  and 
b a l l i s t i c s  t o  be encountered on b l a s t  a c c e l e r a t e d  luna r  p a r t i c l e s .  The 
problem now remains t o  determine t h e  masses of p a r t i c l e s  t h a t  w i l l  most 
probably be a c c e l e r a t e d  t o  t h e s e  v e l o c i t i e s .  The problem of e s t a b l i s h i n g  
t h e  momentum energy t r a n s f e r r e d  t o  t h e s e  p a r t i c l e s  i s  f r augh t  w i th  many 
u n c e r t a n t i e s  and i n s e p a r a b l e  v a r i a b l e s .  With knowledge of exhaus t  gas  
d e n s i t i e s ,  mass f low ra tes ,  s t and-o f f  shock wave theo ry ,  and gas  v e l o c i t y ,  
one can determine t h e  maximum ove r -p res su re  and r e s u l t i n g  f o r c e s  t h a t  could  
conce ivable  be i n i t i a l l y  a p p l i e d  t o  a n  o b j e c t  i n  t h e  j e t  stream. Through 
knowledge of t h e  i n i t i a l  t empera ture  and f low ra te  of g a s e s ,  t h e  energy 
l o s s  a t  impact ,  and t h e  probable  a n g l e s  of  d e f l e c t i o n  as a r e s u l t  of 
s u r f a c e  e r o s i o n ,  one can use a molecular  approach t o  c a l c u l a t e  t h e  momentum 
energy w i t h i n  t h e  gases  per  u n i t  area of d i s p e r s i o n  f o r  a g iven  d i s t a n c e  
o r  t ime and t h u s  c a l c u l a t e  t he  f o r c e  t h a t  would be a p p l i e d  t o  a s t a t i o n a r y  
o b j e c t  a t  t h a t  p o i n t .  However, s i n c e  t h e  p a r t i c l e  i s  i n  motion,  t h e  f o r c e ,  
and of  cour se  t h e  v e l o c i t y  and a c c e l e r a t i o n  cu rves  of t h e  p a r t i c l e  w i l l  
be a n  i n t e g r a l  f u n c t i o n  of t i m e .  I n  t y p i c a l  dimensional  a n a l y s i s ,  b l a s t  
wave v a r i a b l e s  are determined as a f u n c t i o n  of t ime by fou r  major para-  
meters: (1) Shock ove r -p res su re  , (2) Ambient p r e s s u r e  , (3) Time d u r a t i o n  
of  t h e  p o s i t i v e  winds and ( 4 )  The speed of  sound i n  t h e  und i s tu rbed  a i r .  
Of c o u r s e ,  i t e m s  (2)  and ( 4 )  become ze ro  under luna r  c o n d i t i o n s .  F u r t h e r -  
more, i t  i s  soon r e a l i z e d  t h a t  even f o r  c o n d i t i o n s  such as t h a t  on e a r t h ,  
a comple te ly  pure mathematical  s o l u t i o n  i s  n o t  p o s s i b l e  because t h e  v a r i -  
a b l e  p a r t i c l e  v e l o c i t y  f a c t o r  cannot  be s e p a r a t e d  i n  a n  equa t ion  from 
t h e  o t h e r  t ime-dependent v a r i a b l e s .  For t h i s  r e a s o n ,  most b l a s t  e f f e c t  
e q u a t i o n s  h e r e  on e a r t h  a r e  based on e m p i r i c a l  r e l a t i o n s  determined by 
f i t t i n g  cu rves  t o  computed b l a s t  d a t a  (Ref.  2 ) .  

P r a c t i c a l l y  a l l  e x i s t i n g  theo ry  developed on secondary-miss i le  
behavior  h a s  come about  as a r e s u l t  of weapons e f f e c t  s t u d i e s .  Very 
o f t e n ,  semi-empir ica l  r e l a t i o n s  a r e  used t o  d e f i n e  ove r -p res su re  dura-  
t i o n  as a f u n c t i o n  of b l a s t  y i e l d ,  ove r -p res su re ,  ambient p r e s s u r e ,  and 
t h e  speed of sound. Then, w i th  knowledge of t h e  v e l o c i t y  of  p ropaga t ion  
of  t h e  p r e s s u r e  d i s t u r b a n c e ,  t h e  d i s p l a c e d  o b j e c t  motion can be p r e d i c t e d .  
None of t h e s e  a n a l y s e s  are a d a p t a b l e  t o  our problem, s i n c e  t h e r e  i s  n o t  
a n  i n s t a n t a n e o u s  r e l e a s e  of energy and t h e r e  r e a l l y  i s  no wave o r  over -  
p r e s s u r e  propagat ion  i n  a vacuum; t h e r e  i s  on ly  gas  d i s p e r s i o n ,  t h e  
i n i t i a l  d i s p e r s i o n  be ing  a f u n c t i o n  of nozz le  h e i g h t  above t h e  luna r  
s u r f a c e  and t h e  nozz le  c o n f i g u r a t i o n  o r  degree  of under-expansion. 

A review of n e a r l y  a l l  of  t h e  l i s t e d  r e f e r e n c e s  r e l a t i n g  t o  b l a s t  o r  
j e t  exhaus t  e f f e c t s  i n d i c a t e s  t h a t  most work t o  d a t e  i s  based s p e c i f i c a l l y  
on one type of r o c k e t  engine  and one s p e c i f i c  s i t u a t i o n ,  and i s  n o t  t r a n s -  
posable  t o  ano the r  engine  o r  o p e r a t i n g  c o n d i t i o n .  Th i s  i n d i c a t i o n  i s  a l s o  
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brought  o u t  c l e a r l y  i n  Ref. 3 .  What i s  r e a l l y  r e q u i r e d  i n  t h e  follow-on 
s tudy  t o  t h i s  r e p o r t  i s  a breakdown of  t h e  problem i n t o  t h e  fo l lowing  
a r e a s  : 

1. A de te rmina t ion  of t h e  ove r -p res su re  a t  t h e  d e f l e c t i n g  s u r f a c e  
as  a f u n c t i o n  of  nozz le  h e i g h t  above t h e  s u r f a c e ,  p r o p e l l a n t  t ype ,  and 
nozz le  c h a r a c t e r i s t i c s  such as o p e r a t i n g  p r e s s u r e ,  nozz le  con tour ,  and 
expansion r a t i o .  

2 .  D e f i n i t i o n  of t h e  r e l a t i o n s h i p s  between s u r f a c e  ove r -p res su res  
and momentum energy  t r a n s f e r  t o  secondary par t ic les .  
c u l t i e s  involved  i n  a pure mathematical  approach t o  P a r t  2 ,  i t  appea r s  
t h a t  i t  w i l l  be necessa ry  t o  implement b a s i c  parameteric e q u a t i o n s  wi th  
some tes t  d a t a  and/or  e m p i r i c a l  r e l a t i o n s h i p s .  Perhaps t h e  f i r s t  e f f o r t  
a t  o b t a i n i n g  such d a t a  w a s  made by L e w i s  Research Center  (Ref. 4 )  where 
r e c e n t  tes ts  were made i n  a vacuum t o  determine t h e  p r e s s u r e . d i s t r i b u t i o n s  
and e r o s i o n  p a t t e r n s  on s imula ted  hard  and s o f t  l una r  s u r f a c e s .  These 
model t e s t s  were performed wi th  c o l d  a i r  j e t s  a t  nozz le  p r e s s u r e  r a t i o s  
up t o  288,000. Some of t he  more impor tan t  r e s u l t s  of t h e s e  t es t s  were: 

Because of t h e  d i f f i -  

a .  Su r face  p r e s s u r e  d i s t r i b u t i o n s  were dependent on nozz le  
area r a t i o .  For nozz le s  wi th  area r a t i o s  ranging  from 1 t o  25, t h e  nozz le  
t o t a l  p r e s s u r e  r a t i o  remained c o n s t a n t  a t  288,000. However, t h e  n w z l e  
s t a t i c  p r e s s u r e  r a t i o  Pexi t /Pambient ,  which i s  a n  index  of j e t  sp read ing ,  
v a r i e d  from 152,000 f o r  a son ic  nozz le  (Aexit = Athroat) t o  545 f o r  a 
c o n i c a l  nozz le  w i t h  a n  area r a t i o  of 25 and a cor responding  ex i t  Mach 
number of  5 .  A t  t h e  l a r g e s t  d e s c e n t h e i g h t s  (approximately 40 t h r o a t  
d iameters )  t h e  s u r f a c e  p r e s s u r e s  were low and uniformly d i s t r i b u t e d  wi th  
t h e  s o n i c  n o z z l e .  A s  t h e  con ic  nozz le  area r a t i o  w a s  i n c r e a s e d ,  a t  t h e  
same d i s t a n c e ,  t h e  s u r f a c e  p r e s s u r e  a l s o  inc reased .  However, w i t h  a n  
area r a t i o  of 25,  t h e  maximum s u r f a c e  p r e s s u r e  was on ly  0 . 3  pe rcen t  of t h e  
chamber p r e s s u r e .  The shape o f  t h e  p r e s s u r e  cu rves  wi th  d e c r e a s i n g  v a l v e s  
of  decen t  h e i g h t  w a s  g e n e r a l l y  symmetr ical ,  w i t h  the  peak va lue  on t h e  
j e t  c e n t e r l i n e .  A maximum s u r f a c e  p r e s s u r e  of 5 pe rcen t  chamber p r e s -  
s u r e  w a s  recorded  €or  the  25/1 c o n i c a l  nozz le  a t  a descen t  h e i g h t  of 10 
t h r o a t  d i ame te r s .  Th i s  nozz le  had a t h r o a t  d iameter  of 0.50 i n c h ,  an 
e x i t  d iameter  up t o  2.5 i n c h  (expan. r a t i o  = 25/1) and a maximum leng th  
from t h r o a t  t o  e x i t  of 3.75 inches .  

b. Sur face  p r e s s u r e  d i s t r i b u t i o n s  were a l s o  dependent on 
nozz le  con tour .  Shor t  be l l - shaped  nozz le s  gave a n n u l a r  s u r f a c e  p r e s s u r e  
d i s t r i b u t i o n s  as a r e s u l t  of  shock coa lescence  o r i g i n a t i n g  w i t h i n  t h e  
nozz le .  

c. The h igh  p r e s s u r e  area on t h e  s imula ted  lunar  s u r f a c e  w a s  
small i n  comparison w i t h  t h e  d iameter  of t h e  b i l l owing  j e t .  I n  g e n e r a l ,  
t he  h igh  p r e s s u r e s  were conta ined  w i t h i n  a c i r c l e  whose diameter  w a s  about  
16 t h r o a t  d i a m e t e r s ,  r e g a r d l e s s  of a r e a  r a t i o  o r  nozz le  contour .  



d. The s u r f a c e  p r e s s u r e s  i n c r e a s e d  r a p i d l y  a s  the  v e h i c l e  ap-  
proached t h e  s imula t ed  luna r  s u r f a c e .  The maximum p r e s s u r e  a t  a descen t  
h e i g h t  o f  40 t h r o a t  d i ame te r s  w a s  on ly  0 . 4  percen t  of t he  chamber p r e s s u r e ,  
b u t  i n c r e a s e d  t o  6 pe rcen t  a t  1 3  t h r o a t  d i ame te r s .  i 

Data from t h e  above se r ies  of t e s t s  and h o p e f u l l y ,  some f u t u r e  t e s t s  
of a s i m i l a r  n a t u r e  r e l a t i n g  s u r f a c e  p r e s s u r e  t o  nozz le  h e i g h t  above t h e  
s u r f a c e ,  chamber p r e s s u r e ,  and n o z i l e  parameters  w i l l  be u t i l i z e d  i n  
Phase 1 of follow-on s t u d i e s  t o  e s t a b l i s h  equa t ions  r e l a t i n g  t h e s e  v a r i -  
a b l e s  t o  t h e  " e f f e c t i v e "  momentum energy a v a i l a b l e  i n  t h e  g a s  stream 
upon s t r i k i n g  t h e  l u n a r  s u r f a c e .  Of c o u r s e ,  t h i s  " e f f e c t i v e "  v a l u e  w i l l  
be less  than t h e  t h e o r e t i c a l  v a l v e  because o f  j e t  expansion e f f e c t s  and 
l o s s  o f  k i n e t i c  ene rgy  i n  passage of t h e  g a s  stream through t h e  s t a n d o f f  
shock wave. 

I n  a d d i t i o n  t o  t h e  t e s t s  d e s c r i b e d  above,  L e w i s  Research Center  
conducted q u a l i t a t i v e  i n v e s t i g a t i o n s  i n  a 4 x 6 f o o t  vacuum f a c i l i t y  t o  
v i s u a l l y  e x p l o r e  t h e  e r o s i o n  caused by t h e  impingement o f  an  under-expanded 
j e t  on a t h i c k  l a y e r  of 0 .010-inch-diameter ,  white-sand p a r t i c l e s .  "Cold 
a i r  a t  a p r e s s u r e  o f  150 pounds per  square inch  a b s o l u t e  w a s  s u p p l i e d  
t o  a small n o z z l e  having a t h r o a t  diameter  of 1/32 i n c h  and a correspond-  
i n g  weight flow o f  0.00224 pound pe r  second. A c o n i c a l  nozz le  w i t h  a n  
area r a t i o  o f  1 2  and contoured n o z z l e s  w i t h  area r a t i o s  o f  150 and 500 
were t e s t e d  a t  descen t  h e i g h t s  r ang ing  from about  200 t o  606 t h r o a t  
d i a m e t e r s .  The expe r imen ta l  r u n s  l a s t e d  f o r  2 . 7  seconds,  d u r i n g  which 

2 t i m e  t h e  vacuum tank  r e s s u r e  i n c r e a s e d  from a n  i n i t i a l  v a l u e  o f  8 x 10- 
m i l l i m e t e r  t o  8 x lo-' m i l l i m e t e r  of mercury. 
r a t i o  t h u s  dropped from 100,000 t o  10,000 du r ing  t h i s  c y c l e .  E r o s i o n  
p a t t e r n s  were r eco rded  pho tograph ica l ly  through a g l a s s  window on one 
end o f  t h e  tank". 

Nozzle t o t a l - p r e s s u r e  

"During t h e  i n i t i a l  s tar t  o f  t h e  flow from t h e  nozz le  a c u r i o u s  
e r o s i o n  p a t t e r n  w a s  ob ta ined .  The j e t  eroded a n  a n n u l a r  d e p r e s s i o n  i n  
t h e  sand ,  wh i l e  t h e  c e n t r a l  area remained i n t a c t .  Su r face  e r o s i o n  p a t t e r n s  
o f  t h i s  type have a l s o  been observed from t h e  downwash of VTOL a i r c r a f t .  
The e r o s i o n  p rogres sed  toward t h e  c e n t e r  w i t h  t i m e ;  a c e n t r a l  peak formed 
and p r o j e c t e d  b r i e f l y  above t h e  s u r f a c e  and then  c o l l a p s e d .  T h i s  phenomenon, 
which g e n e r a l l y  occur red  d u r i n g  t h e  f i r s t  0 . 5  second,  was more pronounced 
a t  t h e  lower descen t  h e i g h t s  where t h e  i n t e r i o r  peak w a s  h i g h e r  and l a s t e d  
l o n g e r .  The j e t  con t inued  t o  "dig" a l a r g e  c i r c u l a r  concave h o l e  a f t e r  
t h e  e l i m i n a t i o n  o f  t h e  c e n t r a l  peak. 

The f i n a l  h o l e  dep th  and diameter  were r eco rded  p h o t o g r a p h i c a l l y ,  
and t h e  fo l lowing  g e n e r a l  r e s u l t s  were ob ta ined :  

1. V a r i a t i o n s  i n  nozz le  area r a t i o  from 12 t o  500 had l i t t l e  measur- 
a b l e  e f f e c t  on e i t h e r  t h e  dep th  o r  diameter  of t h e  h o l e .  
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2 .  A s  descent height  decreased from 575 t o  192 t h r o a t  diameters,  
the hole diameter increased from 200 t o  250 t h r o a t  diameters while the  
depth remained e s s e n t i a l l y  constant  a t  about 60 t h r o a t  diameters.  

3 .  The sand p a r t i c l e s  were thrown upward and outward i n  a sheet  
forming e s s e n t i a l l y  a con ica l  surface with a semivertex angle  t h a t  aver- 
aged about 50 degrees.  However, s ince  the p a r t i c l e s  apparent ly  followed 
a b a l l i s t i c  t r a j e c t o r y ,  a t  no t i m e  d id  any of the  sand s t r i k e  the  veh ic l e .  
Maximum p a r t i c l e  he igh t s  were estimated t o  be about 480 t h roa t  diameters." 

Resul t  1 above can be j u s t i f i e d  by taking a look a t  the  tes t  nozzle 
c h a r a c t e r i s t i c s :  

W = 0.00224 l b / sec  

A s  given i n  Ref. 14 ,  Equation 4 .17 ,  

K+ 1 - 
A * P  

where A* = t h r o a t  a r ea  

P = 150 ps i a  

W = 0.00224 

0 

K = 1.4  f o r  a i r  

R = 5 3 . 3  f t  l b  f/lbmass OR 

.'. Tn = 745" R 



22 

a t  a Mach number of  u n i t y ,  

T = 0.8333 (745) = 620" R 1 

P = 0.528 (150) = 79 .3  p s i a  1 

- - 0.545 l b / f t 3  
Po - 53 .3  (745) - 

3 = 0.634 (0,) = 0.345 l b / f t  0 1  

C = speed of sound a t  To = = 1340 f t / s e c  
0 

c1 -F= = 0.912 c -  
0 0 

C = V = 0.912 (C,) = 1220 f t / s e c  v e l o c i t y  at Throat 1 1 

us ing  t a b l e s  f o r  compress ib le  i s e n t r o p i c  f low,  t h e  fo l lowing  w a s  ob ta ined:  

For  A2/A1 = 12 (Case 1) 

P2 = 0.82 p s i a  

M = Mach NO.  = 4.133 

T = 0.2258 (To) = 168" R 2 

M* = 2.154 = v2 = c1 

V2 = 2.154 (1220 f t / s e c )  =" 2620 f t / s e c  

For A,/A, = 500 (Case 2) 

P2 = 0.004155 ps i a  

M = 9.828 

T2 = 36.8" R 

M* = 2.388 

V 2  = 2.388 (1220) =" 2920 f t / s e c  
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There fo re ,  a l though  the  e x i t  Mach numbers f o r  t he  two c a s e s  va ry  
cons ide rab ly ,  t h e  ex i t  v e l o c i t i e s  change a v e r y  small amount. Thus, 
t h e r e  i s  v e r y  l i t t l e  change i n  t h e  k i n e t i c  energy of t h e  exhaus t  gases  
and as such ,  nozz le  area r a t i o  v a r i a t i o n s  would n o t  be expec ted  t o  cause 
much change i n  t h e  " c r a t e r i n g "  e f f e c t .  

R e s u l t  2 i n d i c a t e s  a n  i n c r e a s e  i n  h o l e  d i a .  from 6.25 t o  7 . 8  i nches  
when t h e  nozz le  w a s  lowered from 18 t o  6 inches .  Diameter i n c r e a s e  i s  
a t t r i b u t a b l e  t o  i n c r e a s e  s u r f a c e  p r e s s u r e  wi th  a corresponding i n c r e a s e  
i n  k i n e t i c  energy  t r a n s m i t t e d l u n i t  s u r f a c e  area; a l l  as a r e s u l t  of r e -  
duced j e t  expansion e f f e c t s  a t  reduced h e i g h t s  above t h e  s u r f a c e .  Very 
l i t t l e  change i n  depth  may have been a r e s u l t  of compaction of t h e  sub- 
s u r f a c e  p a r t i c l e s  a f t e r  i n i t i a l  impingement and a l s o  because of t h e  i n -  
c r e a s e  i n  t h e  t es t  chamber p re s su re  from 0.08 t o  0.8 mm Hg dur ing  t h e  
2.7-second tes t  run .  Such a n  ambient p r e s s u r e  i n c r e a s e  could  have ma te r i -  
a l l y  a f f e c t e d  t h e  degree of energy t r a n s f e r  t o  t h e  s u r f a c e  p a r t i c l e s .  
A c t u a l l y ,  t h i s  t e s t  d a t a  has  p r a c t i c a l l y  no q u a n t i t a t i v e  v a l u e  because 
of  l a c k  of s u r f a c e  p r e s s u r e  d i s t r i b u t i o n  informat ion .  Also ,  t e s t  nozz le s  
of t h e  s i z e  used are  v e r y  s e n s i t i v e  t o  flow v a r i a b l e s  and can v e r y  e a s i l y  
g ive  e r roneous  o r  mis leading  tes t  d a t a  i n  a d d i t i o n  t o  be ing  v e r y  d i f f i c u l t  
t o  o b t a i n  s c a l i n g  f a c t o r s  f o r .  It i s  appa ren t  t h a t  much more t es t  d a t a  
t a k i n g  i n t o  account  a l l  t h e  dependent v a r i a b l e s  i s  r e q u i r e d  t o  enab le  
f u t u r e  de t e rmina t ion  of pa r t i c l e  motion parameters and c r a t e r i n g  e f f e c t s .  
Th i s  must be done by hold ing  a l l  v a r i a b l e s  c o n s t a n t  bu t  one u n t i l  a l l  
combinat ions have been ana lysed .  

Resu l t  3 i n d i c a t e s  t h a t  t h e r e  w i l l  probably be no hazards  t o  t h e  
v e h i c l e  as f a r  as backflow of  p a r t i c l e s  i s  concerned. A maximum p a r t i c l e  
h e i g h t  (0.01 i n c h  d i a .  p a r t i c l e )  of 480 t h r o a t  d i ame te r s ,  assuming a 
d e p a r t u r e  a n g l e  of  50 degrees  from t h e  v e r t i c a l  ( fo l lowing  t h e  s i d e s  of 
t he  c r a t e r )  i s  e q u i v a l e n t  t o  an  i n i t i a l e v e l o c i t y  of  14 f t l s e c .  
t h e r e  i s  i n s u f f i c i e n t  d a t a  t o  a t t empt  a c o r r e l a t i o n  of t h e s e  r e s u l t s  t o  
o t h e r  nozz le  c o n f i g u r a t i o n s .  More t e s t i n g  i s  i n  order .  

Again,  
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FIGURE 1. PARTICLE TRAJECTORIES -Vo = VESCApE - Vo = 7410 FT/SEC. 
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FIGURE 2. PARTICLE TRAJECTORIES - Vo = 6350 FT/SEC 
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FIGURE 4. PARTICLE RANGE VERSUS ANGLE O F  DEPARTURE 
V < CIRCULAR ORBITAL VELOCITY 
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FIGURE 5. PARTICLE RANGE VERSUS ANGLE OF DEPARTURE 
Vo < CIRCULAR ORBITAL VELOCITY 
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1 FIGURE 7 INERTIAL TRAJECTORIES IN A CENTRAL GRAVITY FIELD 
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